A mycolamicin ( Figure 1 , 1) is a new antibiotic, which has been isolated from the culture broth of Amycolatopsis sp. MK575-fF5 during our screening program for drug-resistant pathogens. 1,2 Structurally, 1 has unique features compared with other antibiotics; it contains trans-decalin, tetramic acid, two unusual sugars and pyrrole carbonic acid. 1 has bactericidal activity not only against a wide variety of bacteria but also against drug-resistant pathogens, methicillin-resistant Staphylococcus aureus (MIC90: 0.39mg ml À1 ) and vancomycin-resistant enterococci (MIC90: 0.2-0.78 mg ml À1 ), which are major pathogenic bacterial causes of hospital infections. 3 There is a strong need to develop novel antibiotics with unique structures and modes of action because pathogens resistant to the 'last resort' antibiotic vancomycin have emerged. 4 Judging from the present situation, amycolamicin could be considered as a potential candidate antibiotic.
Unusual sugars have often been found in the structures of bioactive natural products and have important roles in expressing their activities. [5] [6] [7] Amycolamicin has two unusual sugars, one is a 6-deoxyallose derivative, which is connected by an N-glycoside bond through the tetramic acid, and the other is a novel sugar, (3R,4R,5R)-3-a-aminoethyl-2,6-dideoxy-hexopyranose, named amycolose (Figure 1, 2) , tethered by O-glycoside through the decalin ring. Both of these sugars are thought to be important for the antimicrobial activity of amycolamicin (unpublished data). Generally, two-carbon branched-chain sugars have been found to be a-oxoethyl or a-hydroxyethyl groups in nature, such as the glycosidic components of secondary metabolites. 8, 9 However, this is the first finding of a new sugar with a branched a-aminoethyl moiety in the structure of amycolose at the C-3 position.
The biosynthesis of branched-chain sugars has been studied extensively. 8, [10] [11] [12] These main sugar skeletons originate in glucose 1-phosphate, similar to other unusual sugars. The one-carbon branch is derived from S-adenosylmethionine, but less is known about the two-carbon branch. The twocarbon branch may be biosynthesized from pyruvate, which has been studied using isotope tracer experiments, 13-15 enzyme reactions 16 and gene inactivations. 17 However, these modifications for the two-carbon branched chain are restricted to the aoxoethyl or a-hydroxyethyl branch, and nothing has been reported for the a-aminoethyl branch. In this paper, we report the origin of a branched a-aminoethyl moiety, which we investigated with a feeding experiment that uses the stable-isotope-labeled pyruvate.
A tracer experiment that uses a 13 C-labeled compound is an effective tool for revealing biosynthetic precursors. The 13 C-label is detectable by NMR, and, especially in the case of contiguous labels, spin coupling is observed and intact incorporation can be easily clarified. Therefore, the feeding of [2,3-13 C 2 ]pyruvate was carried out. Fermentation was done under conditions known to produce the desired results: a 500-ml baffled flask containing 100 ml production medium consisting of 0.5% glycerol, 0.5% dextrin, 0.2% soy bean meal, 0.05% yeast extract, 0.2% NaCl, 0.05% MgSO 4 Á7H 2 O, 0.05% (NH 4 ) 2 SO 4 , 0.1% trace element solution and 0.1% CaCO 3 was incubated at 28 1C with shaking at 180 r.p.m. on a rotary shaker. Feeding of labeled sodium pyruvate (1 g) was carried out 2 days after inoculation into the culture broth (1 l), and fermentation was continued for 2 days. The resulting fermentation broth was centrifuged, and the supernatant was extracted with ethyl acetate. The resulting crude extract was purified by centrifugal partition chromatography (CPC240, Senshu Scientific Co., Suginami-ku, Tokyo, Japan) with t BuOMe:MeCN:0.1 M NaHCO 3 in an ascending mode. The fractions containing amycolamicin were further purified by silica gel column chromatography to give pure 13 C-labeled amycolamicin (1.24 mg). Amycolamicin shows extremely complex NMR spectra because of the presence of tetramic acid as a mixture of four tautomers. 18, 19 Consequently, to prepare an amycolose derivative that would show clear NMR spectra, methanolysis was carried out using unlabeled 1. By treating 1 with hydrogen chloride in methanol, amycolose derivatives retaining an amide bond (3 and 4) were obtained (Scheme 1). These derivatives show simple NMR spectra, and the NMR signals could be distinguished (Supplementary Information). Labeled amycolamicin was treated under the same conditions to prepare a labeled b-anomeric derivative (0.24 mg).
As shown in Figure 2 , the 13 C NMR spectrum of the resulting labeled amycolose derivative clearly indicated strong incorporation at C-7 (d 52.6) and C-8 (d 16.1), in which spin coupling was clearly observed ( 1 J CC ¼36.5 Hz). In the 1 H NMR spectrum (Figure 3) , a double double doublet methyl signal ( 1 J CH ¼125 Hz, 2 J CH ¼4.1 Hz, 3 J HH ¼6.9 Hz), due to the 8-Me of the labeled derivative, was observed, in addition to the doublet methyl signal ( 3 J HH ¼6.9 Hz) of the unlabeled derivative. These results strongly indicated that positions 2 and 3 of pyruvate were incorporated intact into the branched aaminoethyl moiety of amycolose and revealed that the branched a-aminoethyl moiety was derived from pyruvate. In addition, weak intact incorporations at the main chain (C-2, 3, 4, 5 and 6) of amycolose could be explained in terms of gluconeogenesis and the pentose phosphate cycle. These incorporations could be observed when the compounds involved in the glycolitic system were fed. 20 In this study, we used a feeding experiment with 13 C-labeled pyruvate to show that pyruvate was the precursor of the branched a-aminoethyl moiety of amycolose, as well as other two-carbon branches. The attachment of two carbons is catalyzed by the thiamine pyrophosphate (TPP)-dependent enzyme, which catalyzes the formation of hydroxyethyl-TPP from pyruvate as a nucleophilic two-carbon donor and allows nucleophilic attack on the ketone at the main sugar chain to produce a branched a-oxoethyl sugar. Then, ketone reduction occurs to form a hydroxyethyl branch (Scheme 2, route a). However, in the formation of a branched a-aminoethyl, the aminotransfer of a ketone group to an amino group is the most probable reaction in amycolose biosynthesis (Scheme 2, route b). It remains unclear whether the accepter is the sugar nucleotide or the glycoside with the aglycone during the two-carbon chain formation. According to our recent research, genes encoding a TPP-dependent enzyme and a pyridoxal 5¢-phosphate-dependent aminotransferase were found in the amycolamicin biosynthetic gene cluster. The products of these genes possibly catalyze the construction of the branched a-aminoethyl moiety in the amycolose structure. 
